Marked genetic differentiation in the intertidal isopod, faera albifrons (Crustacea: Isopoda) has been shown to occur on a scale of just a few metres on British shores. Allozyme electrophoresis at 21 enzyme-coding loci has been employed to examine genetic structure in other UK members of the complex (Jaera forsmani, J. ischiosetosa, ]. praehirsuta), and explore the relationship between genetic diversity and perceived niche-width. Comparisons were made with the nonsibling species /. nordmanni. Three subpopulations of each species taken from each of two shores on Anglesey, UK (subpopulations N=30) were assayed for electrophoretic variability. Data from 11 polymorphic loci (P 095 ) demonstrated marked genetic differentiation in all populations of /. albifrons and /. praehirsuta, and on one shore for each of /. ischiosetosa and /. nordmanni, with /. praehirsuta (G ST =0-207) and /. albifrons (G ST =0-121) showing the highest genetic differentiation. In contrast, /. forsmani exhibited population homogeneity on both shores studied. Genetic diversity ranged markedly across species (H 0 =O 165-0'040), with the two most widely distributed species, J. albifrons (H 0~0 -135) and /. ischiosetosa (fi"=0-165) exhibiting the highest genetic variability, providing support for the niche-width variation hypothesis. Data indicate that although habitat fragmentation and direct development is associated with microgeographic differentiation in Jaera spp., localized factors such as habitat continuity and exposure to water movements determines the magnitude of such effects.
INTRODUCTION
Many intertidal invertebrates exercise strong habitat selection, either during their larval stages at settlement, or during subsequent phases of their life history (Newell, 1970) . The combined effects of habitat preference and habitat fragmentation results in a typically patchy distribution of individuals, which, depending on dispersal capacity, subpopulation size and selection pressures may result in populations displaying varying degrees of genetic divergence (Ward, 1989) . Although it is difficult to distinguish the relative roles of life history and environmental factors on population differentiation, such considerations are important when predicting responses to natural or man-made changes in the environment. Population subdivision is a major determinant of effective population size (Wright, 1978) , which in turn may influence mating patterns, levels of genetic variability, and opportunities for localized adaptation. Schematic representation is based on a combination of information taken from Naylor & Haahtela (1966) and field collections of each species from UK shores (G.R.C & S.B.P., personal observations). MHWN, mean high water neap; MHWS, mean high water spring; MLWN, mean low water neap; MLWS, mean low water spring; MTL, mean tide level.
genetic variability. Higher rates of gene flow in Danish populations of /. albifrons (Siegismund & Christensen, 1992) has, for example, been related to a more continuous distribution of microhabitats and subpopulations on respective shores, resulting in genetic homogeneity. Patterns within the J. albifrons complex are compared with the biologically distinct nonsibling species, /. nordmanni (Rathke), since the latter usually displays far lower levels of population patchiness, and occupies a markedly different type of intertidal habitat (Naylor, 1972) .
MATERIALS AND METHODS

Sampling and species identification
Samples of Jaera spp. (N=29-50 per sample; mean 45 per sample; Table 1 ) were obtained from eight shores around Anglesey, UK ( Figure 2 ) by collecting individuals randomly from the underside of rocks or amongst algae. Animals were returned to the laboratory, examined for male specific status according to Nay lor (1972) , and stored frozen until electrophoresis.
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Figure 2. Sample sites for jaera spp. collections. Six subpopulations of each species (1-30) were obtained from each of two shores around Anglesey, UK. J.a., /. albifrons; J.f., /. forsmani; J.i., f. ischiosetosa; J.p., /. praehirsuta; J.n., /. nordmanni. To obtain estimates of genetic variation representative of each species, three subpopulations separated by an average distance of 20 m were obtained from two shores per species (N=30). Individuals for each sample were obtained usually from the underside of several proximate rocks or algal fronds, though with /. forsmani and /. praehirsuta it was sometimes necessary to gather animals from a wider area, though always within a 8 m radius.
As males only could be distinguished morphologically, particular care was taken to avoid the inclusion of different species within a population sample. Population purity of intraspecific samples was confirmed using diagnostic species-specific allelic arrays at several allozymic loci (Carvalho, 1989b; Piertney, 1994) . Moreover, previous field surveys (G.R.C. & S.B.P., personal observations) had documented the distribution of males from each species on different shores, and sites were chosen that exhibited a population 'purity' (Jones & Naylor, 1971) of >94%. Previous studies (Carvalho, 1989b; Piertney, 1994 ) had recorded a uniformly low incidence of interspecific hybridization (<0-l%) among species on British shores. Only at Traeth Bychan were two member species (J. albifrons and /. forsmani) sampled simultaneously from the same shore, though even here, differences in microhabitat distribution resulted in similarly high levels of population purity at the sampled sites.
Allozyme electrophoresis
Standard horizontal starch gel electrophoresis (13% starch; Connaught Laboratories, Ltd) (Harris & Hopkinson, 1976 ) was used to assay 21 enzyme-coding loci using several buffer systems as described in Carvalho (1989b) . Whole animals were homogenized in 10 ul of 0-1M Tris-HCl, pH 8-0, containing NADP (10 mg ml-1 ', Triton X-100 (0-14 jul ml" 1 ) and fi-mercaptoethanol (1 |il ml 1 ). Alleles are described as having a percentage mobility relative to the common allele that was assigned an arbitrary value of 100.
Statistical analysis
Allele frequencies, Nei's (1978) unbiased estimate for expected heterozygosity (H e ), observed heterozygosity (H g ) and percentage of polymorphic loci were calculated for each population using the BIOSYS-1 program (Swofford & Selander, 1981) . Deviation from Hardy-Weinberg expectations for panmixia was tested by a Markov chain method (Guo & Thompson, 1992) at each combination of locus and population. An exact test of Hardy-Weinberg equilibria was performed for loci and for populations (Louis & Dempster, 1987) .
Fisher exact probabilities were calculated for population differentiation in situations where there are deviation from Hardy-Weinberg equilibria by GENEPOP using a Markov chain method (Raymond & Rousset, 1995b) . Genetic diversity within and between subpopulations and between shores was determined by carrying out a gene diversity analysis of the polymorphic loci by Nei's method (1973) , as extended by Chakraborty (1980) with the Nei & Chesser (1983) correction for small sample size and suspected deviation from Hardy-Weinberg expectations. This procedure is analogous to a nested analysis of variance (ANOVA) (Sokal & Rohlf, 1981) , where the components of genetic diversity are partitioned according to a hierarchy which, in the present study, consisted of three levels: (i) subpopulations; (ii) subpopulations within shores; and (iii) subpopulations from different shores.
Wherever significance testing occurred, the sequential Bonferroni technique was employed to eliminate false assignment of significance by chance (Rice, 1989) .
RESULTS
Genetic diversity and genolypic distributions
Of the 21 enzyme-loci routinely assayed, 11 were polymorphic (P095) overall, though with differences in the incidence of polymorphism among species (Table 1) : within the species complex, Jaera albijrons and /. ischiosetosa exhibited the highest levels of polymorphism, and f.forsmani the lowest (Table 2) .
Jaera nordmanni displayed the lowest proportion of polymorphic loci (0-24). Mean observed heterozygosity estimates (Table 2) , (H") differed markedly among species showing similar among-species patterns as seen previously with the proportion of polymorphic loci; Mann-Whitney U testing (Sokal & Rohlf, 1981 ) revealed a clear and Examination of the frequency distributions of allozyme genotypes (Table 3) highlights at within the species complex, genotypic equilibria for panmixia was found only rarely at individual loci, and was absent from all species/population combinations when taken across loci. In all cases, deviation was caused by a deficiency of heterozygous genotypes. The outgroup comparison, /. nordmanni, also showed significant deviation from HW expectations, but to a lesser extent than in the species complex. The extent and nature of deviations from Hardy-Weinberg equilibrium were thus similar among members of the species complex. 
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Genetic differentiation
As in previous single-species studies (Carvalho, 1989a,b; Piertney, 1994; Piertney & Carvalho, 1994 , significant levels of population differentiation were detected between subpopulations of /. albifrons (Table 4) . However, such levels of divergence were not necessarily representative of the other members of the group. No localized population structuring was detected for J. forsmani, and /. nordmanni and /. ischiosetosa were deemed panmictic at Traeth Bychan and Traeth Lligwy respectively. Only /. praehirsuta displayed patterns similar to /. albifrons with consistent population divergence between subpopulations irrespective of sample site. Gene diversities and coefficients of gene differentiation are presented in Table 5 . For all species, the majority of the total genetic differentiation was attributable to differentiation within subpopulations (G s =0-793-0-941), the remainder being due to differentiation between populations (G ST =0 '207-0-059). Comparison of C ST values, estimates that are analogous to the F ST coefficient of Wright (1965) , for/, praehirsuta and /. albifrons (0-207 and 0-121 respectively), the only species showing divergence between all subpopulations, indicates that population divergence was considerably higher in the former. The relative ratios of G Hr and G SH (Table 5) to the overall differentiation between subpopulations provides an estimator of the effects of gross habitat differences between the shore on population structure. Except for /. albifrons, G m /G ST > G$ H /G S T, suggesting that habitat structure on a shore does affect the degree of localized divergence. 
DISCUSSION
Levels of genetic variability
Levels of genetic variability in the sibling species of Jaera differed markedly in the samples examined, ranging from H o =0-165 in Jaera ischiosetosa to H o =0-040 in J.forsmani, which not only represents highly significant differences, but is amongst the highest range observed among closely related species (Nevo, 1978; Lavie et al., 1993) . Since the gene diversity analysis demonstrated that across loci the major proportion of genetic variability was contained within local subpopulations, the inclusion of six subpopulations of each species, including comparisons between two shores, suggests that the levels detected here are likely to be representative of electrophoretic variation within the complex. Moreover, other allozymic studies on British shores (Carvalho, 1989a ; S.B.P. & G.R.C, personal observations) have detected similar ranges in heterozygosity among these species.
Although estimates of niche-width based on distribution patterns is subjective, it is reasonable to assume that such characteristics would vary among members of the complex depending on their occurrence at different tidal levels, as well as their overall geographic occurrence. In addition to spatial components, the niche of intertidal animals will comprise a strong temporal element related to diurnal and tidal cycles; a species that occurs higher up the shore, for example, is likely to be more tolerant to fluctuating environmental factors such as temperature, salinity, oxygen levels, and so on, thus occupying a broader ecological niche. In a similar way, occupying a wide tidal range would result in habitation of a broader range of microhabitats and exposure to wider environmental variation. Based on such reasoning, /. ischiosetosa and /. albifrons would be predicted to possess broader ecological niches than either /. forsmani or /. praehirsuta due to residency of the former two species across a more extensive tidal range, and their higher abundances and wider geographic distribution on UK shores (Naylor, 1972, figure 1) .
Explorations of correlations between niche-width and genetic variation were first formalized by Van Valen (1965) in the niche-width variation hypothesis, who suggested that selection for different alleles in different environments would result in a positive relationship between niche breadth and levels of genetic variability. Although it is undisputed that no single such association could account for all the heterogeneity in patterns of genetic variation observed among taxa (Nevo et al., 1984; Hedrick, 1986) , there are several cases where such correlations have been found (Lavie & Nevo, 1981 , 1986 Nevo et al., 1984; Noy et al, 1987; Lavie et al., 1993; Pavlicek & Nevo, 1995) , providing indirect evidence for selective maintenance of a proportion of variability at polymorphic loci. Exceptions are, however, also evident (Somero & Soule, 1974; Schopf & Gooch, 1971; Ayala & Valentine, 1979) .
The patterns observed in the present study certainly support the niche-width variation hypothesis in that the highest levels of electrophoretic variation were observed in/aera spp. perceived to have the broadest ecological niches. Allozymic (Carvalho, 1989a) and behavioural data on ethological isolation (Solignac, 1978; Carvalho, 1989a) do indeed show /. albifrons and /. ischiosetosa to be the most closely related of the sibling species, demonstrating clear correspondence between genetic and ecological characteristics. The lower genetic diversity levels in /. nordmanni conforms also with expectations based on their shore distribution. A similar supportive association between genetic diversity and niche-width was most recently observed in a pair of cirripede species {Lavie et al., 1993) , where the cosmopolitan Chthamalus stellatus exhibited significantly higher genetic diversity than the ecologically restricted Euraphia depressa. It is important to emphasize, however, that factors such as the subjective nature of niche-width estimation, differences in effective population size, gene flow, local selection pressures and habitat permanence (Carvalho, 1989a,b; Piertney & Carvalho, 1994; are likely to confound correlations between ecological and genetic diversity.
Population structure and genotypic distributions
A major characteristic of all British /. albifrons populations studied hitherto (Carvalho, 1989a,b; Piertney & Carvalho, 1994; Piertney & Carvalho, 1995a ) is the ubiquitous occurrence of deviations from Hardy-Weinberg equilibrium, due exclusively to a marked deficit of heterozygotes. Data presented herein strengthen these patterns, with genotypic disequilibria being the most typical pattern found, and thus the characteristic structure for the sibling species complex. It is therefore likely that common factors are operative in determining such distortions, including localized selection, nonrandom mating, restricted gene flow and random genetic drift (Piertney & Carvaiho, 1994 ; factors most probably related to direct development, strong habitat selection and the resultant patchy distribution of individuals. Indeed, recent studies {Piertney & Carvaiho, 1995b) have shown high genetic relatedness among intact assemblages of /. albifrons on the underside of rocks, suggesting that inbreeding contributes to the excess of homozygotes typical of some stable rock populations.
Patterns within the /. albifrons complex contrast with those found in the nonsibling /. nordmanni, where genotypic distributions were more frequently in equilibrium (Table 3) . Although /. nordmanni and members of the complex share identical life histories, they differ in two pertinent ways; first, they occupy freshwater streams which are typically fast-flowing, at least during tidal surge, thereby increasing chances of dislodgement and passive dispersal; and secondly, their sex ratio is usually balanced, unlike the female dominance characteristic of the complex (Jones & Naylor, 1971; Piertney & Carvaiho, 1996) . Both such features are likely to promote dispersal and random mating, thus decreasing the chances of isolation and chance fluctuations in genotype frequency; characteristics that are in accord with the lower levels of population differentiation detected in Jaera spp. riving out of freshwater runoffs or streams, or found low on the shore (Table 4) .
Patterns of genetic differentiation
Single-species studies on /. albifrons from UK shores (Carvaiho, 1989a; Piertney & Carvaiho, 1994; Carvaiho & Piertney, 1995a,b) have revealed uniformly high levels of microgeographic genetic differentiation (within populations G SI =0-207-0-059), often on a scale of just a few metres. Temporal studies showing the persistence of allele frequency differences demonstrated that such features were not atypical products of localized or ephemeral conditions, but characteristic of the species. Such genetic heterogeneity does, however, contrast with patterns disclosed in Baltic populations of /. albifrons, where local populations exhibited genetic homogeneity (Siegismund & Christensen, 1992) . The apparent panmixia was related to the more continuous distribution of rock habitats and associated higher rates of gene flow.
Significant microgeographic genetic differentiation was detected in most populations of all species studied here, except /. forsmani (Table 4) , and on one shore for each of /. ischiosetosa and /. nordmanni, with the highest divergence found in /. praehirsuta (G ST =0-207) and /. albifrons . Jaera forsmani was unique within the complex in exhibiting no significant population differentiation among any of the studied subpopulations, which may in part arise from the increased continuity of Fucus serratus habitats on the lower shore, affording greater opportunities for movement of Jaera among rocks. Living on rocks within flowing waters (/. ischiosetosa, J. nordmanni) or on the lower shores (J. forsmani), also presumably offers greater chances for dislodgement and passive dispersal due to turbulence or wave action, though evidently not sufficient to ensure genetic homogeneity. Indeed, natural and laboratory observations on recolonization of rocks by /. albifrons (S.B.P. & G.R.C., personal observations), suggest behavioural and morphological adaptations to retain individuals at sites, presumably to reduce chances of predation or removal to unfavourable substrates.
Mark-recapture data (Carvalho, 1989a) , the temporal persistence of allele frequency discontinuities (Piertney & Carvalho, 1995a) , and the distribution of rare alleles (Carvalho, 1989a; Piertney & Carvalho, 1995a,b) indicate strongly that in /. albifrons, dispersal is normally restricted to just a few metres. Although comparable data are not available for other members of the complex, the described respective genetic structures support the existence of a similarly restricted vagility, though in /. forsmani localized gene flow may be higher; it remains to assess patterns in other populations to assess the generality of patterns found.
Data from gene diversity analyses were consistent with previous observations (Carvalho, 1989b; Piertney & Carvalho, 1994) showing the majority of genetic diversity to be contained within respective subpopulations, though when taken singly, some loci (Table 5 ) exhibited high levels of differentiation. A consistent pattern has been detected in /. albifrons, where marked spatial variation in MPI allele frequencies exhibits a strong association with the incidence of sewage contamination (Carvalho, 1989b; Piertney, 1994; Piertney & Carvalho, 1994) . Such between-locus variation suggests that localized selection plays a role in shaping population structure.
Localized population divergence between neighbouring 'demes' caused by restricted gene flow and conforming to Levins' (1970) metapopulation model of population structure thus appears to be typical of many populations of the genus on UK shores, though data indicate some specific (J. forsmani) and localized (J. ischiosetosa and/, nordmanni) exceptions. Species conforming to Levins' (1970) model are prone to rapid changes in allele frequencies due to inbreeding, founder effect, genetic drift and localized selection, as suggestive of past (Carvalho, 1989b; Piertney & Carvalho, 1994 and present studies on Jaera spp.
Thus microgeographic genetic differentiation appears typical of three members of the /, albifrons species complex; the patchy distribution of rocks and algae in the intertidal, together with direct development, has resulted in fragmentation of the gene pool, though habitat features such as water movements and habitat continuity do appear to determine the magnitude of effects. Exposure to increased water movements and a more continuous distribution of favourable substrates appear to promote genetic homogeneity, presumably through facilitating dispersal and gene flow. Although several factors will interact to determine local levels of genetic diversity, species occupying a wider range of microhabitats exhibited significantly higher heterozygosities, in line with the niche-width variation hypothesis. Direct comparative studies on the stability and dispersal of local rock populations of different Jaera spp., in combination with estimates of variation in physiological tolerance to environmental factors, would provide a fruitful empirical approach for the continued analysis and interpretation of population genetic structure in these sibling species.
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